Introduction {#S0001}
============

COPD is a multifactorial progressive disease characterized by an abnormal inflammatory response within the lung environment and destruction of the lung parenchyma resulting in "airflow limitation that is only partially reversible".[@CIT0001] Despite the current standard of care including bronchodilators and anti-inflammatory therapies, COPD patients continue to experience disease exacerbations.[@CIT0002] Beyond the combination of therapies with bronchodilator and steroids, Roflumilast is currently the only "new" anti-inflammatory drug that has been approved by the regulatory agencies to reduce the incidence of exacerbations in adults with severe COPD.

COPD exacerbations are commonly associated with the presence of viral and/or bacterial pathogens that are thought to promote inflammation. The connection between pathogens and disease has recently been confirmed by a two-year longitudinal follow up study (AERIS) of well-characterized COPD patients. In this longitudinal study, it was observed that COPD exacerbation-related dysbiosis is a result of the outgrowth of pre-existing bacteria rather than colonization with new bacterial genera[@CIT0003] confirming the view that an interplay between host defense mechanisms and airway microbiome is driving disease in both stable state and in exacerbations. Experimental human infection models have been extensively utilized to study the role of pathogens in driving disease morbidity as reviewed in Gunawardana et al, 2014.[@CIT0004] These models have shown that following viral infection, an increase in secondary bacterial infections is observed with a concurrent decrease in antimicrobial peptide production, implicating again the importance of mucosal homeostasis as a regulator of infection-related exacerbations.[@CIT0005] Additional studies with experimental viral infections confirmed an increase in bacterial burden and an outgrowth of bacterial species already present in the lung.[@CIT0006]

Inhaled and oral steroids have been a mainstay of care for treating inflammation in COPD, although the use of steroids has been linked to increased reports of pneumonia.[@CIT0007] Following an inflammatory insult, activation of pathogen pattern recognition receptors and/or damage-associated molecular patterns in immune cells or airway epithelial cells (AECs) ultimately converge to the nuclear factor kappa B (NF-κB) and MAPK signaling pathways. Amongst the modules of the MAPK cascade, p38 drew considerable interest as elevated levels of activated p38 were detected in alveolar macrophages from COPD patients.[@CIT0008]--[@CIT0010] MAPK inhibitors particularly those targeting p38 MAPK pathway have been tested in COPD.[@CIT0009]--[@CIT0012] Oral p38 inhibitors have shown marginal effects on lung function in early clinical development.[@CIT0011],[@CIT0012] However, targeting of this kinase pathway in the lung using an inhaled p38 inhibitor AZD7624 failed to show clinical efficacy by reducing exacerbations in patients.[@CIT0009]

There is emerging indirect evidences linking the activation of another MAPK, the MEK pathway in COPD. Smoking is associated with increased expression of Epidermal Growth Factor Receptor (EGFR) in the bronchial epithelium[@CIT0013],[@CIT0014] and EGFR, through the MEK1/2-ERK1/2 pathway activation has been shown to contribute to the secretion of IL-8/CXCL8, a potent neutrophil chemoattractant and secretory mucin MUC5AC and its regulators.[@CIT0014] Chronic mucus hypersecretion and airway neutrophilia are key features of COPD. Furthermore, increased inactivation of glycogen synthase-3β (GSK-3 β) was reported in COPD patients, that is thought to play a key role in oxidative stress and subsequent steroid insensitivity.[@CIT0015] This inactivation was mechanistically linked to activation of the MEK/ERK pathway and the phosphatidylinositol 3-kinase/AKT pathways in epithelial and immune cells.[@CIT0015] In addition, Rhinovirus (RV), a respiratory virus that causes COPD exacerbations, induces the expression of IL-8/CXCL8 in a MEK-dependent manner.[@CIT0016] However, a more direct association between MEK pathway activation and COPD is yet to be established. This study was initiated to address the hypothesis that MEK1/2-ERK1/2 MAPK pathway activation is associated with COPD and that targeting this pathway will control inflammation without compromising host defense responses.

Materials And Methods {#S0002}
=====================

Ethical Approvals {#S0002-S2001}
-----------------

Written informed consent was obtained from an exploratory study in patients undergoing lung transplantation or resection surgery in Sahlgrenska University Hospital, Gothenburg according to protocols approved by the local ethics committee in Gothenburg (Dnr: 657--12). The transplant donors were not from any vulnerable populations and all donors (or next of kin) provided written informed consent that was freely given. Use of healthy human blood samples was approved by the Medimmune Institutional Review Board. Informed consent was provided by all donors and the study was performed in accordance with the ethical principles in the Declaration of Helsinki.

Human Tissue And Blood Cells Isolation {#S0002-S2002}
--------------------------------------

Human alveolar macrophages were derived from COPD Gold 4 lung transplant tissue or from lung resection surgery by flushing tissue with sterile Ca^2+^ Mg^2+^-free PBS (Life Technologies cat \# 14200166) using a 19-gauge needle (BD cat\# 305187). For functional assays, cells were seeded (200,000 cells per well) in a 96-well tissue-culture grade flat bottom plate (Costar cat \# 3596). Following plating, non-adherent cells were removed by copious washing with serum-free RPMI 1640 (Life Technologies cat \# 32404014) following an hour's rest at 37°C. After the final wash, the cells were incubated overnight in XVivo10 media (Lonza cat \# 04-743Q) supplemented with 4mM L-glutamine (Life Technologies cat \#25030081) and 1% penicillin-streptomycin (Sigma cat\# 59202C).

Neutrophils were isolated from the blood of healthy volunteers by density gradient separation following a routine protocol. Briefly, blood was overlaid on a Histopaque 1077 (Sigma cat \#1077) gradient and centrifuged for 30 mins at 500g. Neutrophils were collected from beneath the Histopaque layer and red blood cells were lysed with ACK lysing buffer (Gibco cat\# A1049201). Neutrophils were kept on ice until use.

Immunohistochemistry, Image Acquisition And Analysis {#S0002-S2003}
----------------------------------------------------

Paraffin-embedded formalin-fixed lung tissue was cut into 4 µm sections (ultra plus glasses, ThermoFisher Scientific cat \# 10417002). The sections were placed over night in 37ᵒC. The next day, slides were deparaffinized and rehydrated by the following washes: 3 times 5 min in xylene, two times 10 mins in 100% ethanol, two times 10 mins in 95% ethanol and finally two times 5 mins in dH~2~O. Slides were stained on an intellipath flx autostainer system (Biocare Medical) using mach3 anti rabbit pERK1/2 detection kit (Biocare Medical cat \# M3R531) with clone 20G11 (Cell Signaling Technology cat \# 4376) as primary antibodies at a concentration of 1 µg/mL. Nasal polyp sections were used as positive control and rabbit IgG isotype control (Dako cat \# X0903) was performed at matching concentration. Slides were mounted using pertex (Histolab Products AB).

Images were captured on a Scanscope (Aperio, Leica Biosystems) at 20x magnification and imported into the Biopix image analysis software (Biopix AB). In all sections for accurate image quantification purposes, the airway epithelial layer was encircled and subsequently analysed for positive DAB (3,3ʹ-diaminobenzidine) nuclei signal using a set threshold based on negative signal determined in isotype control as cut off for a positive pERK1/2 signal.

MEK Activity Gene Sets And Gene Set Variation Analysis {#S0002-S2004}
------------------------------------------------------

The primary MEK activity gene set utilized consisted of 58 genes identified in a panel of cancer cell lines.[@CIT0017] Furthermore, two additional MEK activity gene sets were defined using a) Ingenuity Pathway Analysis (IPA)[@CIT0018] as genes found down-stream of MEK1/2 and where the expression or the transcription was increased by MEK1/2, all findings from human and b) Pathway Studio (PS)[@CIT0019] as genes activated by MEK1/2.

The activity of MEK was assessed in a publicly available gene expression data set from sputum samples from the ECLIPSE clinical study[@CIT0020],[@CIT0021] which spans moderate to severe COPD. Gene expression data in the ECLIPSE study were generated from all cells obtained following sputum induction. CEL files were downloaded from Gene Expression Omnibus (GSE22148) and analyzed using ArrayStudio version 10 (OmicSoft, Cary, NC). The data were processed with Robust Multiarray Average (RMA)[@CIT0022] using a cfd-file from BrainArray[@CIT0023] version 21 (HGU133Plus2_Hs_ENSG.cdf). The effect of three confounding factors (age, gender, and batch) was removed with the Remove Batch Effect function. All 58 genes from the MEK activity gene set from Dry et al[@CIT0017] mapped to the ECLIPSE sputum dataset variables and the corresponding numbers for the MEK activity IPA and PS sets were 58 and 141 genes, respectively.

Gene set variation analysis (GSVA)[@CIT0024] was used to quantify the activation state of gene sets across COPD severity groups in sputum samples. GSVA-scores were generated using the normalized enrichment score option (R, version 3.3.3) on the expression data where the effect of three confounding factors (age, gender, and batch) had been removed. The GSVA-scores were compared across severity groups using Kruskal--Wallis test (R, version 3.3.3).

Hierarchical clustering was used to group COPD sputum samples (ECLIPSE) based on the MEK activation gene set expression. The effect of three confounding factors (age, gender, and batch) was removed from the gene expression data prior to clustering, correlation was used as the distance metrics, and for visualization purposes, data were normalized using robust center scale (the row median is subtracted from each individual value and then scaled by dividing by the row median absolute deviation) for heat map generation. Two (TYR, HMCN1) of the 58 genes in the MEK gene set had a substantially much lower expression (not shown) in these sputum samples indicative of not being expressed and were therefore excluded from clustering.

MEK Pathway Signaling {#S0002-S2005}
---------------------

Media from overnight rested alveolar macrophage cells were removed and fresh media were added to the cells in the presence or absence of MEK (PD0325901), p38 inhibitor (AZ12904231) and steroid (Fluticasone Propionate) for 1h at 37°C. DMSO (0.1%)-treated cells were used as a vehicle control in all experiments. The MEK inhibitor utilized in the study is a highly selective and potent kinase inhibitor.[@CIT0025] The p38 inhibitor is an p38α selective in-house compound with less activity against p38β (data not shown). Fluticasone Propionate utilized in this study is a commercially marketed steroid licensed for use in COPD. After 1h, cells were stimulated with lipopolysaccharide (LPS) from E coli (serotype 026: B6, Sigma-Aldrich cat \# L8274) at a final concentration of 100ng/mL per well and cells were incubated for 18h at 37°C for cytokine analysis, 30mins or other stipulated time points at 37°C for ERK or p38 phosphorylation assays. Unstimulated cells were additionally included in all assays, as control. For cytokine analysis, the supernatants were collected and cytokine levels analysed by multiplex immunoassay from MSD™ (Meso Scale Discovery). For calculating percentage inhibition of compounds on cytokine release the following formula was used ((maximal LPS response -- LPS response in the presence of inhibitors)/(maximal LPS response -- unstimulated response))\*100.

For quantification of ERK or p38 phosphorylation, SureFire^®^ ERK (pThr202/Tyr204, Perkin Elmer cat \# TGRES10K) or SureFire^®^ p38 (pThr180/Tyr182, Perkin Elmer cat \#TGRE38S10K) was used as per the manufacturer's instructions. For data analysis, phosphorylation was calculated relative to total ERK levels (SureFire^®^ ERK1/2, Perkin Elmer cat \# TGRETS10K) or total p38 levels (SureFire^®^ p38 kit, Perkin Elmer cat \# TGRET38S10K) in each well to normalize for any well to well variation in the assays. Fold increase over basal unstimulated cells was then calculated and the effect of compounds related as a percentage inhibition of LPS-mediated maximum ERK phosphorylation.

All concentrations and time points analysed were carried out in duplicates in each individual donor, with a total number of donors tested in each experiment specified in figures. To obtain concentration-responses, curve fitting was carried out using non-linear regression, four-parameter equation with variable slope (GraphPad Prism 8). No constraints were placed on curve fitting. Curve fitted donor data are presented as mean± S.E.M.

Cellular Viability Assay {#S0002-S2006}
------------------------

Cellular viability was assessed using WST-1 reagent (Roche cat \# 5015944001) as per the manufacturer's instructions. The absorbance was read at 450nm and at 650nm (reference wavelength). The data used for analysis were the corrected absorbance (abs 450nm-abs 650nm). Background absorption values were negligible in comparison to test conditions. Treatment with LPS resulted in an apparent increase in absorbance in comparison to untreated cells. Therefore, cell viability on compound treatment was calculated as a percentage of LPS-only control cells.

Bacterial Killing Assays {#S0002-S2007}
------------------------

Commercially purchased RAW 264.7 cells (ATCC^®^ cat\# TIB-71™) were cultured in RPMI 1640 with 10% fetal bovine serum (Life Technologies cat \# 16000044) and penicillin and streptomycin (100U/mL). Cells were plated (200,000 cells per well) in a 96-well tissue-culture U-bottom plate (Costar cat \# 3799) and allowed to adhere overnight in culture media. Neutrophils were plated and used immediately after isolation (100,000 cells per well). Cells were washed with antibiotic-free media and pretreated with inhibitors for 2 hrs prior to incubation with *Staphylococcus aureus* (MOI-1). SF8300 frozen stock cultures were thawed and diluted to the appropriate inoculum in sterile PBS, pH7.2 (Invitrogen cat \# 14040117), and 1 hr following bacterial inoculation, the entire contents of the well (cells and media) were removed and bacterial CFU enumerated by serial dilution.

Statistics {#S0002-S2008}
----------

Pharmacological data were analyzed using Prism 8 (GraphPad Prism). Comparison of more than one group was done with ANOVA followed by Dunnett\'s multiple comparison test. A p-value of less than 0.05 was considered statistically significant.

Results {#S0003}
=======

MEK Pathway Activation In COPD Lung {#S0003-S2001}
-----------------------------------

To investigate the possible enhanced activation of MEK-pERK1/2 pathways in severe COPD lung tissue, we performed immunohistochemistry in lung tissue sections from patients with end-stage COPD (GOLD stage 4) undergoing lung transplantation and from healthy donors. Demographic information of subjects utilized in the study are detailed in [Table 1](#T0001){ref-type="table"}. The staining revealed that p-ERK1/2 nuclear expression was higher in the airway epithelium in COPD sections as compared to the controls (p= 0.029; Mann--Whitney test) ([Figure 1A](#F0001){ref-type="fig"}--[C](#F0001){ref-type="fig"}). Also, it was noted that p-ERK1/2 expressions were extensive in areas of tissue remodeling close to airways in COPD sections ([Figure 1D](#F0001){ref-type="fig"}). Interestingly, the COPD group also shows ubiquitous staining for p-ERK1/2 in alveolar macrophages in comparison to healthy controls ([Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"}). Table 1Demographics Of Subjects Utilized In Histological Analysis Of MEK Pathway ActivationDisease ClassificationAgeGenderSmoking StatusHealthy46--65FNon-smokerHealthy46--65FEx-smokerHealthy39MNon-smokerHealthy63FNon-smokerHealthy48MNon-smokerHealthy20MNon-smokerCOPD GOLD 446MEx-smokerCOPD GOLD 455FEx-smokerCOPD GOLD 446FEx-smokerCOPD GOLD 460FEx-smokerCOPD GOLD 445MEx-smokerCOPD GOLD 458MEx-smokerCOPD GOLD 460MEx-smokerCOPD GOLD 452MEx-smoker Figure 1Expression of the activated MEK pathway evidenced through ERK 1/2 phosphorylation in COPD. (**A**--**B**) Increased activation of the pathway was observed in lung tissue from patients with end-stage COPD (GOLD 4) in comparison to healthy lung tissue. (**C**) Quantification of staining pattern in bronchial epithelia showed a significant increase (\*p 0.0293 Mann--Whitney test) in pERK1/2 in severe COPD. (**D**) pERK1/2 staining was also observed in areas of remodeling in GOLD4 (black arrows) and (**F**) in alveolar macrophages in GOLD4 but not in (**E**) healthy lung tissue. Sections shown are representative.

Transcriptomic Analysis Of The MEK Pathway Activation In Sputum From COPD Patients {#S0003-S2002}
----------------------------------------------------------------------------------

To further explore the activation of the MEK pathway in COPD patients across varying disease severity, we utilized a MEK1/2 activity gene signature[@CIT0017] and used Gene Set Variation analysis (GSVA) to calculate activity signature scores in a publicly available sputum transcriptional dataset. This relatively large COPD transcriptional cohort from the ECLIPSE study was conceived as a valuable sentinel for investigation of MEK-activity in COPD.[@CIT0021]The MEK activity GSVA-score was found to be significantly higher in severe compared to moderate COPD (p=0.0016; Kruskal--Wallis test) ([Figure 2A](#F0002){ref-type="fig"}).Figure 2Transcriptomic profiling of MEK activation. (**A**) MEK activity in sputum from moderate and severe COPD (GSE22148) assessed as a GSVA-score using the MEK activity gene signature from Dry et al (2010).[@CIT0017] \*\*p\<0.01 (Kruskal--Wallis test). (**B**) Hierarchical clustering of genes in the MEK activity gene set from Dry et al (2010)[@CIT0017] in COPD sputum samples (GSE22148). Expression of each gene was scaled across the samples with expression going from low (blue) to high (orange). Samples are color-coded at the bottom to indicate disease severity, moderate COPD in grey and severe COPD in black. Two sub-clusters are highlighted with black boxes and denoted (i) and (ii), respectively. (**C**) GSVA-scores for sub-cluster (i) and (ii) gene sets from the hierarchical clustering in (**B**) compared across disease severity (moderate, severe) in the sputum transcriptomics dataset GSE22148. \*\*\*p\<0.001 (Kruskal--Wallis test).

As an approach to validate our observations further, two additional MEK activity gene sets were defined using Ingenuity Pathway Analysis (IPA) and Pathway Studio (PS), respectively, and these alternative MEK activity gene sets also resulted in significantly higher GSVA-scores in severe COPD (p=1.2e-2 (IPA) and p=7e-4 (PS), Kruskal--Wallis test) ([[Supplementary Figure 1A](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}, [[B](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}). The three independently defined MEK activity gene sets were quite distinct with only a small overlap ([[Supplementary Figure 1C](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}) but each of them indicated increased MEK activity in more severe COPD.

To investigate the heterogeneity in COPD of the experimentally more tightly defined gene set of MEK activity,[@CIT0017] we performed unsupervised clustering of MEK activity signature genes in the ECLIPSE sputum samples. Hierarchical clustering revealed two clusters, cluster (i) and cluster (ii), with reciprocal expression pattern across the sputum samples ([Figure 2B](#F0002){ref-type="fig"}). Again, we used GSVA to summarize the activity of gene sets and found that cluster (i) genes were increased with COPD severity (p=2.0e-6, Kruskal--Wallis test) while genes in cluster (ii) decreased with COPD severity (p=4.0e-5, Kruskal--Wallis test) ([Figure 2C](#F0002){ref-type="fig"}). To characterize these clusters further, IPA was used to predict upstream regulators as well as enrichment of functional terms and MEK was found as the top upstream regulator of a cluster (i) which was also enriched for terms related to the respiratory system as well as immune response. Cluster (ii) had TRIM24 as the top upstream regulator with non-respiratory organ systems terms found to be enriched for this cluster ([Table 2](#T0002){ref-type="table"}). Table 2Pathway Analysis Of MEK Activity Signature Genes. Predicted Top Upstream Regulator And Enriched Physiological Functional Terms For Genes In Cluster (i) And Cluster (ii), Respectively, Using IPACluster iCluster iiTop Upstream regulator identified using IPAMEKTRIM24Top Physiological System Development and FunctionConnective Tissue Development and FunctionDigestive System Development and FunctionRespiratory System Development and FunctionHematological System Development and FunctionHematological System Development and FunctionHepatic System Development and FunctionHumoral Immune ResponseImmune Cell TraffickingCell-mediated Immune ResponseOrgan Development

MEK Inhibition Shows A Superior Anti-Inflammatory Effect On TLR4 Signaling Mediated Activation Of Human Alveolar Macrophages {#S0003-S2003}
----------------------------------------------------------------------------------------------------------------------------

Data generated by our study have demonstrated activation of the MEK pathway in COPD both at protein and transcriptional levels in severe COPD patients. To address whether the MEK pathway is activated following an inflammatory insult, we exposed human alveolar macrophages that are key innate immune cell population contributing to inflammation in the lung of COPD patients[@CIT0026]--[@CIT0028] to LPS endotoxin challenge. Stimulation of human alveolar macrophages with LPS resulted in a robust phosphorylation of ERK1/2 in all donors tested with significant peak phosphorylation responses 30 mins post-stimulation. This response continued to decline up to a period of 90 mins post-stimulation ([Figure 3A](#F0003){ref-type="fig"}; p= 0.01; p\<0.0001 One-way Anova with Dunnett multiple comparison test). LPS treatment similarly resulted in a significant phosphorylation of p38 peaking at 30 mins in all donors tested mirroring the pERK kinetic response ([[Supplementary Figure 2](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}; p=0.01; p=0.003; p\<0.0001 One-way Anova with Dunnett multiple comparison test). No basal phosphorylation of either p38 or ERK1/2 could be quantified in unstimulated samples utilizing this assay technique.Figure 3Functional characterisation of MEK pathway activation in human alveolar macrophages. (**A**) Robust time-dependent phosphorylation of ERK1/2 was observed in human alveolar macrophages stimulated with 100ng/mL LPS (\*p 0.01, \*\*\*\*p\<0.0001 One-way Anova with Dunnett multiple comparison test). Peak phosphorylation of ERK 1/2 measured at 30min-post LPS challenge was potently inhibited by the MEK inhibitor. Data are mean ± S.E.M of 3/4 donors. (**B**) Potent inhibition of inflammatory cytokine release on LPS challenge in human alveolar macrophages treated with MEK or p38 kinase inhibitors. Data are mean ± S.E.M of 10/14 donors. (**C**) Activation of the ERK1/2 pathway through phosphorylation is observed in a concentration-dependent manner in human alveolar macrophages on treatment with p38 kinase inhibitors at 90mins post-LPS challenge (\*\*p 0.007, \*\*\*\*p\<0.0001 One-way Anova with Dunnett multiple comparison test). No significant activation of the p38 pathway measured through phosphorylation is observed in human alveolar macrophages on treatment with MEK kinase inhibitors at 90mins post-LPS challenge. Data are mean ± S.E.M of 4 donors.

Treatment of cells with the MEK inhibitor resulted in a concentration-dependent inhibition of peak ERK1/2 phosphorylation with an IC50 value of 3.05nM ([Figure 3A](#F0003){ref-type="fig"}) confirming the ability of the inhibitors to block pathway activation in alveolar macrophages following inflammatory insult with endotoxin. In addition to the effect of MEK inhibition on ERK1/2 phosphorylation, a potent inhibition of LPS-induced TNF-α and IL6 (IC50 of 1.4 and 1.6nM, respectively; [Figure 3B](#F0003){ref-type="fig"}) responses were observed in alveolar macrophages. For curve-fitting, concentrations of MEK inhibitor where cellular viability was impacted by more than 40% (10 and 1μM concentrations) were excluded from the analysis ([[Supplementary Figure 3](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}). Interestingly, although p38 inhibition resulted in an inhibition of TNF-α and IL6 with an IC50 of 0.4 and 1.4nM, respectively, a decreased maximal inhibition of TNF-α and IL6 release (59% and 37%) by the p38 inhibitor in comparison to the MEK inhibitor (90% and 70%) was observed ([Figure 3B](#F0003){ref-type="fig"}). No apparent effect of p38 inhibitor was observed on cellular viability, therefore, no data points were excluded from the curve fitting ([[Supplementary Figure 3](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}). Additionally, the effect of steroid Fluticasone Propionate was determined in this assay system. A potent inhibition of LPS-induced TNF-α and IL6 (IC50 of 0.8 and 1.5nM, respectively; [[Supplementary Figure 4](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}) responses was observed in alveolar macrophages with a maximal inhibition of 90% and 85%, respectively, for TNF-α and IL6 release. There was no apparent dose-dependent effect of the steroid observed on cellular viability and therefore no data points were excluded from the curve fitting ([[Supplementary Figure 4](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}).

P38 But Not MEK Inhibition Results In MAPK Pathway Shunting In Human Alveolar Macrophages {#S0003-S2004}
-----------------------------------------------------------------------------------------

To understand the differences in the observed maximal inhibition between MEK and p38 inhibitors, alveolar macrophages were treated with MEK or p38 compounds and kinase pathway activation was investigated at 90 mins post-LPS-challenge. This time point was chosen for testing pathway re-activation as our data indicated that by 90 min, peak phosphorylation declined close to baseline ([Figure 3A](#F0003){ref-type="fig"}, [[Supplementary Figure 2](https://www.dovepress.com/get_supplementary_file.php?f=211619.docx)]{.ul}). In cells treated with a p38 inhibitor, a significant concentration-dependent increase of ERK1/2 phosphorylation was observed in comparison to untreated cells ([Figure 3C](#F0003){ref-type="fig"}; p=0.007; p\<0.0001 One-way Anova with Dunnett multiple comparison test). In contrast, in cells treated with a MEK inhibitor, there was no significant increase in p38 phosphorylation in treated or untreated cells ([Figure 3C](#F0003){ref-type="fig"}). These data indicate that ERK pathway shunting occurs in alveolar macrophages upon p38 inhibition and could be one of the drivers to the decreased maximal responses of cytokine inhibition observed in comparison to MEK inhibitors.

MEK Inhibition Results In Enhanced Bacterial Killing In Murine Macrophages And Human Neutrophils {#S0003-S2005}
------------------------------------------------------------------------------------------------

To confirm that MEK inhibition was reducing inflammation without compromising host defense, we initially tested the ability of the murine macrophage cell line RAW 264.7 to kill *Staphylococcus aureus* one of the major opportunistic human airway pathogen in the presence of Fluticasone Propionate, p38 inhibitor or MEK inhibitor. Control macrophages treated with DMSO were able to kill approximately 20% of the bacterial inocula over the hour incubation period. Neither the steroid nor the p38 inhibitor increased bacterial killing above this baseline level. MEK inhibition, however, significantly increased bacterial killing in a dose-dependent manner at concentrations that also induced a potent anti-inflammatory effect in alveolar macrophages ([Figure 4A](#F0004){ref-type="fig"}; p=0.025; p=0.01 One-way Anova with Dunnett multiple comparison test). MEK pathway activation on the bacterial challenge was confirmed by Western blot. Furthermore, pathway activation was inhibited by 1μM concentration of the MEK inhibitor ([Figure 4B](#F0004){ref-type="fig"}) at all time points tested.Figure 4MEK inhibition enhances bacterial killing in RAW264.7 cells. (**A**) MEK inhibition results in enhanced *S.aureus* killing in RAW264.7 cells (\*p 0.01, \*\*p 0.002 One-way Anova with Dunnett multiple comparison test). This was not observed with p38 inhibitor or steroid Fluticasone Propionate. (**B**) Time-dependent activation of the MEK-pERK 1/2 pathway on *S. aureus* exposure in RAW264.7 cells was confirmed by Western blot analysis. Activation of the cascade was inhibited by treatment with the MEK inhibitor. Data are mean + S.E.M of 3 different experiments.

In the airways, neutrophils also play a major role against bacterial pathogens; therefore, it was important to confirm that MEK inhibition does not adversely influence the killing function of these cells. For testing this principle, human neutrophils were purified from healthy donors and incubated with *S. aureus* in the presence of the same inhibitors. Once again, only MEK inhibition increased bacterial killing above DMSO control ([Figure 5A](#F0005){ref-type="fig"}; p=0.01 One-way Anova with Dunnett multiple comparison test). Inhibition of the MEK pathway was assessed by Western blot for changes in phosphorylation of ERK1/2 ([Figure 5B](#F0005){ref-type="fig"}) confirming that the observed effect of enhanced bacterial killing is driven through inhibition of the MEK pathway.Figure 5MEK inhibition enhances bacterial killing in human neutrophils. (**A**) MEK inhibition resulted in an increase in *S.aureus* killing in human neutrophils in a concentration-dependent manner (\*p 0.01 One-way Anova with Dunnett multiple comparison test). No effect of p38 inhibitor or steroid was observed in bacterial killing in neutrophils at the concentrations tested. (**B**) MEK-pERK 1/2 pathway on *S. aureus* exposure in neutrophils was confirmed by Western blot analysis. Activation of the cascade was inhibited by treatment with the MEK inhibitor. Data are mean + S.E.M of 4 donors.

Discussion {#S0004}
==========

COPD is a chronic inflammatory disease characterized by the incidence of exacerbations triggered by respiratory pathogens[@CIT0003] On the current standard of care treatment, COPD patients continue to experience exacerbations driving disease morbidity. Thus, there is a need for new therapeutics that can dampen inflammation while also boosting host defense. We report here enhanced activation of MEK pathway in severe COPD patients and reveal a novel dual function of MEK inhibition in modulating inflammation without compromising phagocytosis-mediated pathogen-clearance. The MEK signaling pathway is recognized as being important in cancer, as such, several small molecule inhibitors of MEK have demonstrated clinical efficacy in certain cancers[@CIT0029] providing an opportunity for potential repurposing of these assets in COPD.

Our study is the first to demonstrate an enhanced MEK activation gene signature in COPD based on GSVA and unsupervised clustering of the sputum transcriptomic datasets available from the ECLIPSE cohort consisting only of ex-smoker COPD patients. Induced sputum samples consist of a mixture of inflammatory cells such as neutrophils and macrophages sampled from the airways of patients and are therefore highly relevant to investigate from the context of this study. Interrogation of the MEK signature sub-clusters using Ingenuity Pathway Analysis demonstrated that MEK was the top predicted upstream regulator of genes in cluster (i) while cluster (ii) has TRIM24 as the top upstream regulator. To date, no reports exist on a direct link between TRIM24 and COPD, but up-regulation of TRIM24 expression has been implicated in several human cancers, including lung cancer[@CIT0030] and in some instances shown to be MEK inhibitor sensitive. Thus, it is not unexpected that TRIM24 was identified as a key regulator of MEK signature genes in cluster (ii). While the use of this signature highlights a potential implication for genes regulated by the MEK pathway being active in subsets of patients with severe disease, this needs to be confirmed utilizing a gene signature that is generated in human primary cells relevant to COPD.

We also observed a prominent p-ERK1/2 protein nuclear expression in the airway epithelium and a ubiquitous expression in alveolar macrophages in COPD lung tissue, indicating that activation of MEK1/2-ERK1/2 signaling pathway could play an important role in COPD disease pathology. To our knowledge, this is the first report demonstrating an activated MEK1/2 pathway at the protein level in COPD. Although we report a significant upregulation at the protein level of the MEK pathway in GOLD 4 lung sections obtained from COPD transplant patients with end-stage disease, we have not examined pathway activation in mild or moderate COPD lung sections; therefore, it is unclear whether pathway activation could be a driver of disease progression and this important aspect warrants further investigation. Expression of other MAPK, particularly p38, has been reported in alveolar macrophages and bronchial epithelia of COPD patients[@CIT0008]--[@CIT0010] implicating the importance of other MAPK pathways in driving inflammation. Enhanced p-ERK1/2 and p-p38 expression was also reported in airway epithelium in biopsy specimens from asthmatics compared to non-asthmatic subjects, indicating that the activation of these signaling pathways may have a broader implication in airway inflammatory diseases.[@CIT0031] Indeed, in an allergic asthma ovalbumin mouse model, a widely used MEK1/2 inhibitor U0126 demonstrated a beneficial effect on airway inflammatory responses and airway hyperresponsiveness.[@CIT0032] Furthermore, U0126 also provided protection against stretch-induced epithelial barrier dysfunction in healthy and septic models.[@CIT0033],[@CIT0034] These data provide further evidence for a role for these kinase pathways in airway diseases.

In this study, expression of pERK1/2 was noted in alveolar macrophages in GOLD 4 COPD lung sections. Alveolar macrophages are implicated as key drivers of inflammation in COPD,[@CIT0035] their numbers are reported to be increased in COPD patients[@CIT0026],[@CIT0027],[@CIT0036] and linked to disease severity.[@CIT0028] We demonstrate that MEK inhibitor is a potent down-regulator of LPS-stimulated inflammatory response in alveolar macrophages. This is in line with previous reports of activation of the pathway in human, rodent macrophages and other immune cells.[@CIT0037]--[@CIT0040] Recent work in rodent macrophages and human peripheral blood mononuclear cells have similarly reported a beneficial effect of MEK inhibition on suppressing inflammation utilizing other MEK inhibitors.[@CIT0037],[@CIT0038],[@CIT0041]

Activation of the MAPK pathways, particularly p38, is a key driver of LPS-stimulated cytokine release.[@CIT0042],[@CIT0043] When we compared the effect of the inhibition of p38, steroid and MEK, we found a superior anti-inflammatory effect of MEK and steroid inhibition on human alveolar macrophages in comparison to the tested p38 inhibitor. In our experimental setup, cells were sensitive to steroid inhibition for these cytokines. This observation is consistent with other reports in lung macrophages from either healthy or COPD patients to the effect of steroids.[@CIT0044] However, the authors[@CIT0044] highlight that the sensitivity of steroid inhibition to the neutrophil chemoattractant IL-8/CXCL8 was lower in some patients. We have not measured IL-8/CXCL8 in our studies and in future studies it would be important to address if MEK inhibition could indeed overcome this loss of sensitivity to IL-8/CXCL8 inhibition observed to steroids. The level of inhibition of inflammatory cytokines observed due to p38 inhibition in this study was similar to other reports[@CIT0009],[@CIT0045],[@CIT0046] suggesting that there might be a ceiling effect for inflammatory cytokine inhibition by p38 inhibitors in this cell type. MEK inhibition therefore may be an alternative strategy to overcome this ceiling effect observed with p38 inhibitors.

An explanation for the ceiling effect could be due to the "shunting" effect when p38 inhibitors are utilized in this assay system at the level of MAPK phosphorylation. This cross-talk or shunting between the ERK and p38 pathways have been previously reported in osteosarcoma cells,[@CIT0047] PC12 cells,[@CIT0048] bronchial epithelial cells[@CIT0049] and in corneal epithelial cells.[@CIT0050] In corneal epithelial cells and osteosarcoma cells, it was reported that inhibition of either one of the MAPK pathways could result in the activation of the other. However, in our studies, we observed a mono-directional effect on ERK activation upon p38 inhibition at the 90-min time-point analysed, consistent with the reports in bronchial epithelial cells and PC-12 cells. Activation of the ERK pathway is critical to the regulation of transcription factors such as AP-1, C/EBPB and thereby inflammatory gene transcription in LPS-stimulated human alveolar macrophages.[@CIT0051] Therefore, shunting to the MEK-ERK pathway in the context of p38 inhibition could result in altered transcriptional regulation of the inflammatory cytokines.

Interestingly, we observed a beneficial effect of MEK inhibition on bacterial clearance in both RAW 264.7 macrophage cell line and in primary human neutrophils *in-vitro*. However, these findings have to be confirmed in patient-derived cells, since clearance defects have been reported in alveolar macrophages from COPD patients in several studies in COPD and reviewed by Jubrail et al.[@CIT0052] Defective clearance could be one of the driver contributing to increased bacterial colonization. Bacterial colonization in COPD is increasingly being recognized as a driver of disease morbidity with reports of higher bacterial load resulting in greater inflammatory load and increased risk of acute exacerbation in COPD patients.[@CIT0053],[@CIT0054] The ability to spare or even enhance host-defense responses while dampening inflammation is an attractive therapeutic strategy and is our key finding.

Furthermore, our observations of enhanced bacterial clearance are in line with reports of the beneficial effect of MEK inhibitors in murine sepsis and in endotoxin shock[@CIT0037],[@CIT0055] and more recently in an experimental *Pseudomonas aeruginosa* model.[@CIT0056] The effect on bacterial clearance was consistent regardless of the inhibitor utilized (U0126, Trametinib or PD0325901) suggesting that this may be a "class-effect" of MEK inhibition. Attenuation of inflammation, measured by either impact on inflammatory cell recruitment in lungs or on cytokine release was reported in these *in-vivo* studies with both prophylactic or therapeutic treatment with the MEK inhibitor, consistent with our *in-vitro* observations. Although there are some suggestions for MEK inhibitors in influencing macrophage polarization[@CIT0056],[@CIT0057] the exact mechanism by which these inhibitors spare or enhance bacterial clearance is not fully elucidated.

The beneficial effect of MEK inhibitors on host defense may not be limited to bacterial infections as several reports suggest a direct or indirect antiviral effect on different respiratory viruses, including influenza[@CIT0058],[@CIT0059] and rhinovirus.[@CIT0060] The completion of the life cycle of influenza is dependent on the MEK pathway as it facilitates the nuclear export of the viral ribonucleoprotein.[@CIT0061] We recently identified MEK as a key regulator of interferon response in airway epithelial cells and inhibition of MEK led to enhanced IFN response, which translated into a reduction of rhinovirus replication.[@CIT0060] Since these viruses are commonly associated with COPD exacerbations, the inhibition of MEK1/2 pathway may represent a new strategy for treating virus-induced exacerbations in COPD.

Despite some limitations discussed, our study has a unique strength in that we have utilized target validation in human tissue and cells providing a translational model to further interrogate the importance of this pathway in disease.

Conclusion {#S0005}
==========

In conclusion, our study provides the first direct translational *in-vitro* evidence for the presence of an activated MEK-ERK pathway in COPD and that utilization of a MEK inhibitor may have a dual-role in the treatment of COPD by controlling inflammation while sparing pathogen-clearance mechanisms﻿.
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